INTRODUCTION
Nasopharyngeal carcinoma [NPC (MIM 161550 and 607107)] is a malignancy that originates from the epithelial lining of the nasopharynx. This neoplasm exhibits a distinct geographic and ethnic distribution. The incidence of NPC is low in most parts of the world, with an age-adjusted annual incidence of less than 1/100 000 (1) . However, the disease occurs with much greater frequency in southern China (25 -50 per 100 000). Intermediate incidence rates among Chinese people who have migrated abroad (2, 3) and in populations of admixed Chinese heritage seem to suggest that genetic and environmental factors play important roles in NPC (1, 3, 4) . Within endemic areas, NPC is also known to be closely associated with Epstein-Barr virus (EBV) infection (5) . In addition, studies have shown a male preponderance over the female † The views expressed in this presentation do not necessarily represent the views of the NIMH, NIH, HHS or the United States Government. ‡ These authors contributed equally to this work. * To whom correspondence should be addressed at: No. 259 Wen-Hwa 1st Rd, Kwei-shan, Taoyuan 333, Taiwan. Tel: +886 32118800; Fax: +886 32118683; Email: ysc@mail.cgu.edu.tw with a ratio of about 3:1 (3, 4, 6, 7) . Together, these findings indicate that NPC is likely to have a complex etiology involving genetic, viral and environmental factors.
The previous studies on the genetic factors involved in the development of NPC have largely focused on identifying the genetic determinants associated with NPC susceptibility. Several linkage analyses have suggested an association between the disease and the human leukocyte antigen (HLA) region, with haplotypes such as HLA-A2 being closely associated with NPC development (8, 9) . In other studies, candidate-gene-based approaches have demonstrated that polymorphisms in DNA repair-, carcinogen metabolism-and detoxification-related genes appear to be associated with NPC susceptibility (10) (11) (12) . Recently, our laboratory and two other research groups (13) (14) (15) conducted genome-wide association studies (GWAS) in unrelated NPC patients and healthy population controls, and identified a number of new susceptibility loci in addition to HLA-A, including GABBR1, ITGA9, TNFRSF19, MDS1-EVI1 and CDKN2A-CDKN2B. However, the estimated odds ratios (ORs) for these putative loci were between 1.49 and 1.88, suggesting that more substantial components of the genetic variance remain to be identified.
Copy number variations (CNVs), including the duplication, insertion or deletion of chromosomal segments that are ≥1 kb, account for a major proportion of human genetic structural variation (16) . Compared with single-nucleotide polymorphisms (SNPs), CNVs represent a pool of rarer structural variants that may help explain some of the heritability that is not accounted by common SNPs. Accumulating evidence has demonstrated that certain CNVs are associated with a low to moderate cancer risk in neuroblastoma and prostate cancer (17, 18) . To date, however, no study has investigated the potential association of CNVs with NPC predisposition. Here, we used a high-resolution genome-wide SNP-based array and five commonly used CNV detection algorithms to detect potential NPC-associated CNVs. Furthermore, our results were successfully validated in an independent case -control group using a deletion-specific PCR (Supplementary Material, Fig. S1 ).
RESULTS
During the discovery stage, 288 patients initially diagnosed with NPC at the Chang-Gung Memorial Hospital at Lin-kou (Taoyuan County, Taiwan) and 297 healthy ethnically matched local residents of Taoyuan County were enrolled. The genotyping data from our previous study (14) , which had been generated on Illumina Hap550v3_A BeadChips, were used for CNV discovery. The demographics of the case and control samples are provided in Supplementary Material, Table S1 . A total of 10 NPC patients and 12 healthy individuals were removed because of a low call rate (,99%), gender mismatch and failure of the identity-by-descent (IBD) (pi-hat .0.5) or identity-by-state (IBS) genetic-outlier tests (Supplementary Material, Fig. S2 ). Thus, 278 cases and 285 healthy subjects passed the quality control check and were used for CNV identification and analysis.
To maximize the detection rate of potential NPC-associated CNVs, we used five algorithms to identify CNVs from intensity data generated on Illumina Hap550v3_A BeadChips. The algorithms included QuantiSNP (19) , PennCNV (20) , CNV partition, Partek Hidden-Markov model (HMM) and Partek-Segmentation. CNV filtering and quality control procedures were performed on 15 duplicate samples to generate a subset of higher accuracy calls and remove false positive signals. Detailed information is provided in the Materials and Methods section, as well as in Supplementary Material, Figure S3 and Table S2 . When overlapping CNVs were identified in cases and controls, they were merged into unique CNV regions (CNVRs; see Supplementary Material, Fig. S4 ).
In brief, PennCNV generated the most CNV calls (2418 and 2263 from 280 controls and 275 NPC patients, respectively), whereas Partek HMM generated the fewest (115 and 116 from 285 controls and 287 NPC patients, respectively). The CNVs inferred by PennCNV were the smallest (median size ¼ 32.22 and 34.76 kb in controls and NPC patients, respectively), whereas those identified by Partek HMM were the largest (median size ¼ 247.17 and 183.03 kb in controls and NPC patients, respectively). The numbers and sizes of the deleted and duplicated CNVRs inferred by all five methods were found to be similar in the healthy controls and NPC patients (Supplementary Material, Table S3 ).
To identify potential NPC-associated genomic regions, the frequencies of the deletion and duplications of each CNVR were compared between the case and control groups using the Fisher's exact test. Furthermore, we assessed the significance level of CNVRs by using 10 000 permutations and multiple testing corrections. Eight regions were found to be significantly overrepresented in NPC cases (P , 0.05); they are summarized in Table 1 MICA, which belongs to the highly divergent MIC family, encodes a stress-inducible protein that functions as a ligand for the NKG2D/DAP10 complex on natural killer (NK) cells, gdT cells and CD8+ T cells (21) . Engagement of NKG2D can activate the cytolytic responses of gd T cells and NK cells against MICA-expressing epithelial tumor cells (21, 22) , and the expression levels of NKG2D ligands (e.g. MICA) on NPC cell lines have been correlated with NK-cellmediated cytolysis (23) . HCP5, which belongs to the P5 gene family, is known to be specifically transcribed in lymphoid cells and tissues (24) , but its biological function has not yet been elucidated. Because in endemic areas, NPC is known to be closely associated with EBV infection, we hypothesize that such immune genes could influence susceptibility to NPC. Thus, the deleted region at chr6p21.3, which was also the only locus detected by all five analytical methods, was chosen for further examination. We first mapped the CNV breakpoints, as this information was needed to design a robust, qualitative assay for our validation experiments. We deduced the putative breakpoint on the basis of the SNP-probe allele intensities on the Illumina HumanHap550K SNP arrays. PCR primers were designed to amplify a fragment containing the breakpoint, and these primers were tested against two samples inferred to carry the deletion (which we designated the MICA/HCP5 deletion) and two samples that were not predicted to carry the deletion (for detailed primer sequences, see Supplementary Material, Table S4 ). The amplified PCR products were sequenced, and the resulting sequences were basic local alignment search tools-searched against the reference genome sequence (NCBI build 36.1/hg18). Our results confirmed the presence of a deletion in the two suspected subjects, and further indicated that the deleted sequences were identical. According to a minor difference in the flanking sequence and the presence of an additional quad-nucleotide (GAAA), we predicted that the deletion spans 96.95 kb and is located between 31464142 and 31561089 on chromosome 6.
On the basis of these findings, we designed primer pairs F1/ R8 and F8/R15, and used them to screen samples for the presence or absence of the deletion. In short, primers F1 and R8 only amplified a PCR product ( 5 kb in length) from samples containing the 90 kb deletion (Fig. 1A) , whereas primers F8 and R15, which were located outside and within the deletion, respectively, only generated a PCR product from non-deleted samples. Gene encoding the RNA moiety for the RNase P enzyme [RPPH1 (MIM 608513)], which was found to be single-copy in all our studied samples, was used as reference in this assay. Our deletion-specific PCR assay confirmed our microarray-based identification of the MICA/HCP5 deletion. All samples inferred to carry the MICA/HCP5 deletion (n ¼ 11) yielded a PCR product with primers F1/R8, whereas non-deleted samples did not.
Notably, all of the tested samples yielded products with primers F8/R15 and RPPH1. These PCR results confirmed our prediction and demonstrated that all carriers of the MICA/HCP5 deletion were heterozygous for the deletion.
NPC patients show a male-to-female ratio of approximately 3:1, and a gender-specific association was previously found between the MICA short tandem repeat and NPC in a southern Chinese Han population (25) . To examine whether the MICA/ HCP5 deletion exhibited a gender-specific association, we stratified samples by gender. As shown in Table 2 , the frequency of the MICA/HCP5 deletion was significantly higher in male NPC patients (3.9%) than in male controls (0%; Fisher's exact test, P ¼ 0.0081), whereas a less significant difference was found between the female groups (P ¼ 0.0734). These results indicated a potential gender-specific association between the MICA/HCP5 deletion and NPC in our Taiwanese study population.
To validate the association of the MICA/HCP5 deletion with NPC, we used our deletion-specific PCR to assess the frequency of the MICA/HCP5 deletion in an independent group of NPC patients (n ¼ 428) and healthy controls (n ¼ 458). and R8 were used to detect the deleted allele, whereas primers F8 and R15 were used to detect the non-deleted allele. (B) Representative PCR results. Samples predicted to be deleted (D1-D3) and non-deleted (C1-C2) are shown. RPPH1 was amplified from each sample as an internal control.
As shown in Table 2 , the frequency of the deletion in NPC patients was moderately higher than that in the control subjects (P ¼ 0.0548). Notably, the gender-specific association was also replicated. The frequencies of the MICA/HCP5 deletion in male NPC patients and healthy controls were significantly different at 3.5 and 0.3%, respectively (P ¼ 0.003), whereas no significant difference was detected in the female group (1.7 and 2.8% in female NPC patients and healthy control, respectively; P ¼ 0.694).
DISCUSSION
The MICA gene (11.7 kb) encodes a 383-amino-acid polypeptide that has a predicted mass of 43 kDa (26) and functions as a ligand for NKG2D on g/dT cells, CD8+ a/b T cells and NK cells. Engagement of NKG2D with the MICA was shown to activate the cytolytic responses of g/d T cells and NK cells against MICA-expressing epithelial tumor cells (21, 22) . MICA polymorphisms have been associated with a number of conditions related to NK activity, including viral infection, cancer, allograft rejection and graft-versus-host disease (27) . Moreover, the expression levels of NKG2D ligands (including MICA) in NPC cell lines have been correlated with NK-cell-mediated cytotoxicity (23) , with NK cells showing a higher cytotoxicity against parental CNE2 cells (which had a high NKG2D-ligand expression) compared with multidrug-resistant CNE2/DPP cells (which had low NKG2D-ligand expression). In future studies, it is of high significance to examine MICA expression levels in tissues representing different genotypes (e.g. with or without the MICA/ HCP5 deletion).
A number of studies have shown associations between certain MICA variants and NPC predisposition. For example, Douik et al. (28) demonstrated that a functionally relevant dimorphism of the MICA gene, MICA-129 val/met, was associated with NPC risk in a Tunisian population. Moreover, Tian et al. (25) reported a gender-specific association between the disease and a short tandem repeat polymorphism in exon 5 of the MICA gene (MICA * A9) in a southern Chinese Han population. Their results also suggested that MICA * A9 could be a genetic susceptibility marker for NPC in males. However, little is known regarding the functional consequences of the various MICA variants, or why there appears to be a gender-specific effect in the risk of NPC. Additional work will be needed to elucidate the biological meanings of these associations.
In addition to the MICA/HCP5 deletion, we identified seven other regions with CNV that were overrepresented in NPC patients versus healthy controls. These regions contain several potential candidates and are worthy of further investigation. For example, the duplication region of chr7p22.2, which was identified by four of the utilized methods (P ¼ 0.0304, QuantiSNP), includes the gene encoding caspase recruitment domain family member 11 (CARD11, MIM 607210). When overexpressed in cells, CARD11 can activate nuclear factor of kappa light chain gene enhancer in B cells (NF-kB) signaling (29) . Because NF-kB activation plays important roles in EBV-encoded latent membrane protein 1-mediated tumorigenesis in NPC (30), it seems possible that amplification of this genomic region could promote EBVmediated tumorigenesis by increasing CARD11 expression and subsequent NF-kB activation. Another of the identified CNV that might logically promote cancer development was the duplication of a region on chr12p13.31, including the genes that encode the homeobox transcription factor, Nanog (NANOG) and C-type lectin domain family 4 member C (CLEC4C). NANOG (MIM 607937) is an important transcription factor that is crucial for maintaining embryonic stem cell self-renewal and pluripotency (31), whereas CLEC4C (MIM 606677) functions in inflammation, immune responses, cell adhesion and cell-cell signaling (32) . Additional validations and evaluations will be needed to characterize the potential roles of these CNVRs in the development of NPC. Currently, the CNV detection method is still immature and several previous reports suggested that the number of CNV inferred by array-based technologies depends on the algorithm used (33) (34) (35) . Moreover, so far no single method has promised to provide the best results. Therefore, identification of CNVs from array-based technology using multiple algorithms was recommended. In this study, we used five different algorithms for CNV identification and 16 repeated samples for parameter optimization, which would significantly increase the reliability of our discovery. The successful validation using deletion-specific PCR assay in an independent case -control study supports the effectiveness of using multiple algorithms in CNV discovery.
In sum, we herein used the GWAS database and five different algorithms to identify putative CNVs from 288 NPC patients and 297 healthy controls. A deletion of a region on chr6p21.3 including the MICA and HCP5 genes (P ¼ 0.0004) showed the most significant association with NPC and was identified by all five methods. A deletion-specific PCR assay confirmed this finding and revealed that there was a gender-specific association of this deletion with NPC predisposition (P ¼ 0.0081 and 0.0734 in males and females, respectively). Most significantly, we then successfully replicated this finding in an independent group containing 428 NPC patients and 458 controls (P ¼ 0.003 and 0.694 in males and females, respectively). To the best of our knowledge, this is the first report of a GWAS on constitutional CNVs in NPC patients ( Table 3 ). As our findings are based on a single-ethnicity population, it would be important to further validate the results reported here in other Southeast Asian populations having a high prevalence of NPC.
MATERIALS AND METHODS

Samples
Blood samples of 288 patients initially diagnosed with NPC in Chang-Gung Memorial hospital at Lin-kou (Taoyuan County, Taiwan) were collected. For comparison, 297 healthy ethnically matched local residents of Taoyuan County were recruited through a project designated 'Integrated Delivery System of Health Screening, Taoyuan, Taiwan' by ChangGung University, CGMH and the Health Bureau of Taoyuan County, Taiwan. Controls samples were randomly selected according to male/female ratio and age distribution. Controls affected by any type of cancer and with a personal family history of NPC were excluded. All cases and controls were of a homogenous Han Chinese origin. This study was reviewed and approved by the institutional review board and ethics committee of CGMH. Informed consent was obtained from all study participants. Demographics of the case and control samples are provided in Supplementary Material, Table S1 .
Genotyping and data cleaning
DNA from all individuals was genotyped on the Illumina Hap550v3_A BeadChips, by the Illumina-certificated service provider, Genizon Biosciences (Genizon Biosciences, Canada). A total of 10 NPC patients and 12 healthy individuals were removed because of low call rate (,99%), gender mismatch and failure in IBD (PI-HAT.0.5) or IBS genetic-outlier tests (Supplementary Material, Fig. S1 ). Two hundred and seventy-eight cases and 285 healthy subjects that passed the sample quality control check were entered into the subsequent CNV identification and analysis procedures.
CNV detection and quality control evaluation
To maximize the finding of potential NPC-associated CNVRs, five algorithms-QuantiSNP(19) (v 2. Among these methods, QuantiSNP, PennCNV, CNV-partition and Partek HMM were developed based on HMM, whereas Partek-Segmentation was developed based on a segmentation-based algorithm. PennCNV combines Log R ratio (LRR) and B-allele frequency (BAF) in each SNP marker to generate a hidden state for copy neutral loss of heterozygosity, and uses each population-based BAF of the SNP to infer CNVs. QuantiSNP uses LRR and BAF independently, and a fixed rate of heterozygosity for each SNP is applied. As for segmentation-based methods that consider intensity (LRR) alone, such as Partek-Segmentation, a reference base-line is generated based on a pool of reference samples. In order to acquire the subset of higher accuracy calls for further analysis and exclude the potential false positive signals, the raw CNV calls need to be filtered. To explore the best filtering parameters for each method, 15 duplicated samples were tested by comparing the result of CNV calls generated from the same sample. The concordance rate for each pair of duplicates is defined as follows:
Number of overlapping segments Total number of segments
The parameters resulting best average concordance rate (≥94%) was applied to each method. The parameters adopted by each method were summarized in Supplementary Material, Table S2 . Several quality control procedures were performed to remove the possible false positive signals in our HumanHap550K array when generating CNV calls. For PennCNV, only samples with standard deviation (SD) of normalized intensity (LRR) ,0.20, SD of BAF ,0.2, BAF-drifting value ,0.01 and the wave factor value between 20.04 and 0.04 were included. The median values of LRR and BAF were adjusted to 0 and 0.5, respectively. Appropriate LRR adjusting based on GC model that was incorporated in PennCNV is also applied. For QuantiSNP, only samples with SD of LRR ,0.25, SD of BAF ,0.3 and outlier rate ,0.01 were included. For CNV-partition, the confidence score threshold was set to 35, and the threshold of probe gap size was defined aS 1 M bp. All markers in sex and mitochondria chromosomes were not included in our analysis. Samples with extreme CNV call count, of which standardized Z-score .6, were also excluded. In total, nine controls and three NPC cases in QuantiSNP, five controls and three cases in PennCNV, one control and one case in CNV partition and two controls in Partek Segmentation were removed because of the CNV quality control failure. Detailed procedures for CNV detection and filtering were shown in Supplementary Material, Figure S2 . When overlapping CNVs were identified in cases and controls, they were merged into unique CNVRs (see Supplementary Material, Fig. S3 ). To verify the CNVRs involving deletions, we rechecked the genotyping data to confirm that the SNPs had been called homozygous or 'no call' (i.e. for hemizygous or homozygous deletions, respectively). The number of samples used, the characteristics of the CNV calls and the CNVRs identified by each method are shown in Supplementary Material, Table S3 .
Deletion-specific polymerase chain reaction
Primers (sequences were shown in Supplementary Material, Table S5 ) were designed using Primer 3 (http://frodo.wi.mit. edu/primer3/input.htm) adjacent to the maximal deleted region, such that PCR products would only be expected in the presence of the deletion. PCR was carried out using the Long PCR enzyme mix (Fermentas, Thermo Fisher Scientific, Waltham, MA, USA) using the manufacturers' suggested protocol. PCR products were resolved using agarose gels and visualized with Ethidium Bromide stain and UV illumination.
